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Photonic bandgap (PBG) crystals have attracted great attention because of their 
potential applications in confining and controlling electromagnetic waves in all three 
directions of space. Three-dimensional colloidal crystals formed from monodisperse 
particles possess photonic stop bandgaps. One of the promising methods of 
fabricating photonic crystals with complete photonic bandgaps is to fill the voids in 
three-dimensional colloidal crystals with materials possessing high refractive index 
followed by the removal of the original colloidal crystals.  
 
Although the photonic crystals fabricated from the colloids are studied intensively 
recently, some bottlenecks exist, for example, defects, disorders and cracks formed 
invariably in the crystals. Investigations related to the array fashion of the particles 
and studies on the control of the photonic properties of colloidal crystals are very 
limited. In our project, we obtained photonic crystals with limited cracks by 
optimizing fabrication conditions. The effect of surfactants on the array fashion of the 
particles was investigated systematically, which give a feasible way to improve the 
fabrication of photonic crystals with controlled crystallography orientations. 
Furthermore, a novel method is explored to achieve the fine tuning of the photonic 
crystals. Using colloidal crystal templating, TiO2 photonic crystals were produced and 
characterized.   
 
 v
Firstly, the colloidal crystals were fabricated from polystyrene and silica colloidal 
particles by sedimentation and vertical deposition. The crystals having structure of 
face centered cubic (fcc) lattice resulted from evaporation-induced interfacial 
self-assembly crystallization. Through optimizing the fabrication conditions in terms 
of crystallizing temperature and the concentration of the colloids, the defects, 
disorders and cracks in the colloidal crystals are greatly reduced and the typical size 
of a single crystalline domain is larger than 200µm. Their reflectance spectra 
measured with UV-Vis spectrometer show that they possess photonic stop bandgaps. 
 
Secondly, the effect of surfactants on the structures of polystyrene colloidal crystals 
was investigated by fabricating colloidal crystals in the presence of different 
surfactants with different concentrations by sedimentation. The addition of surfactants 
affected the array fashion and was favorable to form a square array.  
 
Thirdly, the effect of pre-heating treatment on the photonic bandgap properties of 
silica colloidal crystals was also explored by heating silica colloids as dry powders at 
elevated temperatures prior to assembly of colloidal crystals. The reflectance spectra 
of the resulting crystals showed that the central stop bandgap position of the crystals 
assembled from heat-treated silica particles first blue shifted and then red shifted with 
the increasing pre-heating temperature as compared to that of the crystal assembled 
form original silica particles. 
 
 vi
Finally, we fabricated the ordered array of air spheres in titania using colloidal crystal 
templating method, yielding photonic crystals with a high contrast of the refractive 
index. Micro-FTIR transmission spectroscopy confirmed the presence of stop 
bandgaps in them. Additionally, a surfactant, SDS, was added into the infiltration 
material and the SEM results showed that the addition of SDS might lead to tight 
coating of TiO2 on the polystyrene microspheres. 
 vii
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Chapter 1 Introduction 
 
1.1 Research Background 
1.1.1 Introduction of Photonic Crystals 
Photonic crystals are regular arrays of materials with different refractive indices, which 
would not permit the propagation of electromagnetic waves in a range of frequencies 
called the photonic band gap. 1 Figure 1.1 shows the simplest case in which two materials 
are stacked alternately. The spatial period of the stack is known as the lattice constant, 
since it corresponds to the lattice of ordinary crystals composed of a regular array of 
atoms. However, one big difference between them is the scale of the lattice constant. In 
the case of ordinary crystals, the lattice constant is on the order of angstroms. On the 
other hand, it is on the order of wavelength of the relevant electromagnetic waves for the 
photonic crystals. For example, it is about 1 µm or less for visible light, and is about 1 
mm for microwaves. 
 
Photonic crystals are classified mainly into three categories, that is, one-dimensional (1D), 
two-dimensional (2D), and three-dimensional (3D) crystals according to the 
dimensionality of the stack (see Fig. 1.1). The photonic crystals that work in the 
microwave and far-infrared regions are relatively easy to fabricate. Those that work in the 
visible region, especially 3D ones are difficult to fabricate because of their small lattice 
constants (submicron scale). 2 The first photonic crystal was made by Yablonovitch by 
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drilling three sets of cylindrical holes in a block of dielectric materials in a periodic 
arrangement. 3 The periodicity was on the order of a millimeter so that the photonic band 
gap appeared at microwave frequencies. 
 
 
(a) 1 D                   (b) 2 D                     (c) 3 D 
Figure 1.1. Schematic illustrations of photonic crystals (a) one-dimensional (1D) (b) 
two-dimensional (2D) (c) three-dimensional (3D) 
 
Photonic crystals can offer us one solution to the problem of optical control and 
manipulation. If the dielectric constants of the materials in the crystals are different 
enough, and the absorption of light by the material is minimal, then the scattering at the 
interfaces can produce many of the same phenomena for photons (light mode) as the 
atomic potential does for electrons. Light would remain trapped at defect sites if it is 
forbidden to propagate through the crystals. Such a defect can be shaped in the form of a 
tiny cavity or a sharply-curved waveguide, allowing one to manipulate light in ways that 
have not been possible before. Thus, photonic crystals have been proposed for a large 
number of applications such as efficient microwave antennas, zero-threshold lasers, 
low-loss resonators, optical switches, and miniature optoelectronic components such as 
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microlasers and waveguides. The most useful applications would occur at near-infrared 
or visible wavelengths. This makes it necessary to fabricate photonic crystals with feature 
sizes of less than a micrometer. Furthermore, the refractive index contrast of the crystal 
must exceed 2 or 3, depending on the lattice, placing restrictions on the materials used. 
 
A number of different methods have been used for the fabrication of photonic crystals. 
Many of these apply a variety of lithographic techniques used in the semiconductor 
industry for patterning substrates such as silicon. Two-dimensional photonic crystals have 
been made this way, which operate at wavelengths down to the visible light. 4
 
Good 
control over the introduction of defects has also been demonstrated. A number of attempts 
have been made to create three-dimensional photonic crystals using these techniques. 5-7
 
However, it has so far proved too difficult to achieve submicron periodicities of much 
more than one unit cell thickness. 
 
On the other hand, colloidal particles naturally possess the desired sizes and can form 
periodic structures spontaneously. Moreover, the optical properties of the individual 
spheres can easily be tuned, or they can be used as templates to make inverted structures. 
Colloidal self-assembly has therefore been proposed as an easy and inexpensive way to 
fabricate three-dimensional photonic crystals, and as a suitable system in which to 
investigate their optical properties.
8, 9 
Until this realization colloidal crystals had been 
prepared with only a modest refractive index contrast, in order for them to remain 
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relatively transparent and not opaque due to multiple scattering. They can thus be said to 
reject light propagating in certain directions, which satisfy the Bragg condition:  
 
λθ md =sin2  .                                                  (1.1) 
Here, λ is the wavelength of the incident light on the crystal, d is the lattice spacing, θ is 
the angle between the incident ray and the lattice planes, and the integer m is the order of 
the diffraction. If the dielectric contrast between the spheres and the suspending medium 
is larger, the range of angles for which waves of a given frequency diffracts increases due 
to multiple scattering. At sufficiently high contrast and for certain crystal types 
propagation should become impossible in all directions and for both polarizations.  
 
1.1.2 Optical Properties of Photonic Crystals 
Propagation of electromagnetic waves in periodic media displays many interesting and 
useful effects. Shining a light through a large block of glass with a single bubble of air in 
it, some of it will reflect and some of it will continue forward at a slightly different angle 
(be refracted). This scattered light allows eyes to see the bubble, perhaps with an 
attractive sparkling caused by all of the reflections and refractions. Picture now a second 
bubble in the glass, just like the first but at a different place. As before, the light will 
reflect and refract, this time from both bubbles, sparkling in a more intricate pattern than 
before. All of these is exactly predicted by Maxwell’s equations. 10 For time-varying 
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 are the electric and magnetic fields, J  is the free current density, 
ρ  is the free charge density, ε  is dielectric constant and c is the speed of light in 
vacuum. 
 








⎛=×∇×∇ ωε                                                  (1.6) 
 
This is an eigenproblem for H
v
, whereω  is angular frequency of the wave. It can be 
shown that the operator acting on the H
v
 field is Hermitian, and, as a consequence, its 
eigenvalues are real and positive.  
 
The Bloch-Floquet Theorem tells us that, for a Hermitian eigenproblem whose operators 
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are periodic functions of position, the solution can always be chosen of the form 
⋅⋅xkie vv (periodic function). A periodic function ( )xf v is one such that ( ) ( )xfRxf i vvv =+  
for any xv  and any primitive lattice vector iR
v
 of the crystal.  
 
From the Bloch-Floquet Theorem, the solution of Eq. (1.6) for a periodic ε  can be 









 is a periodic function of position and satisfies the “reduced” Hermitian 
eigenproblem: 
 
( ) ( ) kk HcHkiki vv vvvvvv
21 ⎟⎠
⎞⎜⎝




 is periodic, this eigenproblem is needed only considered over a finite 
domain: the unit cell of the periodicity. Eigenproblems with a finite domain have a 
discrete set of eigenvalues, so the eigenfrequencies ω  are a countable sequence of 
continuous functions: ( )kn vω  (for n = 1, 2, 3 …). When they are plotted as a function of 
the wavevector k
v
, these frequency “bands” form the band structure of the crystal.  
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Figure 1.2 shows band structure of an ‘inverse’ face-centered cubic lattice of spheres 
consisting of air in a background material of refractive index 3. The frequencies of the 
allowed modes are plotted versus wave vectors in the Brillouin zone of the f.c.c. lattice of  
Figure 1.2. Band structure of an ‘inverse’ fcc lattice of spheres of refractive index 1 in a 
background with index 3 calculated with the KKR method.
11
The horizontal gray band 
outlines the complete band gap.  
 
spheres. The allowed modes form the photonic band structure of this crystal. There is a 
narrow band gap at a frequency of Ac πν /8.2= , where c is the speed of light and A the 
size of the cubic unit cell. The ‘inverted’ crystal structure is shown here because the 
‘direct’ structure, i.e. spheres of high refractive index in air, does not possess a band gap. 
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If the refractive index contrast (the ratio of the refractive index of the spheres and their 
background) is increased the band gap widens. Below a contrast of 2.85 the gap is 
closed.11 The band gap in Figure 1.2 is located between the 8th and 9th bands. This 
corresponds to the region where, in weakly scattering crystals, the second order Bragg 
diffraction is located. The first order Bragg diffraction occurs at a lower frequency, 
around Ac πν /7.1=  for the direction corresponding to the L point. At this point the 
waves travel perpendicularly to the (111) planes of the crystal. There is a sizeable range 
of frequencies for which these waves cannot propagate through the crystal and thus are 
reflected. This frequency range is called a stop bandgap. Since propagation is still 
possible in other directions one usually speaks of a partial or incomplete band gap. If the 
direction is moved away from the L or X points the bands are seen to split in two. These 
are the different polarization states which are then no longer degenerate. There is a close 
analogy with electron waves traveling in the periodic potential of atomic crystals, where, 
too, the allowed modes are arranged into energy bands separated by energy gaps. 
 
1.1.3 Optical Characterization 
Optical measurements are the main technique for the characterization of photonic band 
gap materials. While optical reflectance and transmission are the principle tools used to 
characterize 3D systems. An infinitely large, perfect photonic crystal would reflect 100% 
of the incident light at wavelengths in the band gap and would transmit 100% of the light 
 9
at other wavelengths. At any given angle of incidence there will be such gaps. In the case 
of a complete band gap the reflected wavelength bands would overlap at every incident 
angle. However, a number of experimental complications arise in practice. First of all, 
real photonic crystals are neither perfect nor infinite. This problem is made worse by a 
certain degree of disorder or the presence of defects, which cause the dip in the 
transmission to broaden and its edges to become less well defined. Another related 
problem is polycrystallinity of the sample, which often occurs in self-assembled crystals. 
This will result in a large broadening of the transmitted and reflected bands, because 
changing the wavelength will successively probe different crystallites with different 
orientations. In all these cases, simply taking the full width at half maximum is therefore 
not necessarily the best way to proceed. 
 
Trying to observe a single crystal with as few defects as possible should be able to 
minimize these difficulties. Polycrystallinity is not normally a problem in crystals made 
with lithographic techniques, but may be a limitation in self-assembled crystals. It has 
been shown that gap widths extracted from reflection spectra are much more reliable than 
those obtained from transmission spectra, because reflected light probes only a small 
number of lattice planes lying close to the surface12 (thus containing fewer domains with 
limited defects). One should therefore reduce the probe beam to a size smaller than a 
single crystalline domain. Reducing the beam size even further to much less than the 
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domain size will further reduce the influence of defects and surface roughness. This was 
beautifully demonstrated in reflection and luminescence spectra measured with the use of 
an optical microscope.13 Alternatively, polycrystallinity can be avoided by growing large 
single crystals, which are not too thick, so that transmission spectra also produce accurate 
gap widths.14, 15  
 
1.1.4 Fabrication of Photonic Crystals 
Numerical calculations have led to the identification of a number of three-dimensional 
crystal structures that should have a complete photonic band gap. Fabrication of these 
structures on a submicrometer length scale is still a challenge, especially because 
materials with a sufficiently high refractive index and negligible absorption have to be 
used. Suitable materials are often semiconductors such as TiO2, Si, or GaAs. The 
structures must also have a very high porosity, typically containing ~80% air. A number 
of strategies have been developed; generally, they are nanofabrication, self-assembly 
methods, colloidal crystal templating and directed self-assembly methods.  
 
1.1.4.1 Nanofabrication  
Nanofabrication techniques use lithography and etching, or holography. Modern 
semiconductor processing techniques have so far had relatively limited success in making 
 11
three-dimensional structures as compared to their success in the fabrication of 
two-dimensional photonic crystals. A promising approach is the layer-by-layer 
preparation of the so-called woodpile structure, which is known to have a complete band 
gap.
16, 17  
 
An alternative method is the use of chemically assisted ion beam etching to drill narrow 
channels into a GaAs or GaAsP wafer
18, 19 
in a manner similar to that used by 
Yablonovitch, but on a much smaller length scale. Photo-assisted electrochemical etching 
of pre-patterned silicon has been used to produce a two-dimensional array of very deep 
(~100 µm) cylindrical holes.20 By modulating the light intensity with time it is possible to 
induce a periodicity of up to 25 periods in the vertical direction.21 So far, this periodicity 
is relatively large as compared to that in the horizontal directions, so that the structure 
does not yet possess a complete photonic band gap. 
 
 
The last method mentioned here is three-dimensionally periodic patterns of light created 
by interfering up to four laser beams,22, 23 similar to holographic recording. The pattern is 
recorded in a film of photoresist. Unpolymerized resin is then removed by washing. The 
method is suitable for quickly producing large-area crystals with any desired structure, as 
long as the polymerized regions are interconnected. Absorption of the light by the 
photoresin limits the maximum thickness of the crystals to several tens of micrometers, 
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corresponding to several tens of lattice planes. Since photoresists have a relatively low 
refractive index, additional steps must be used to increase the dielectric contrast. 
 
1.1.4.2 Self-Assembly Methods  
Monodisperse colloidal particles can spontaneously organize into three-dimensionally 
periodic crystals with a macroscopic size. Their lattice constant is easily adjusted from 
the nanometer to the micrometer range by varying the size of the particles. Colloidal 
crystals form spontaneously if there is a thermodynamic driving force, for example a 
sufficiently high particle concentration, making it favorable for the particles to order into 
a lattice, thus using the limited space more efficiently. Typical crystal sizes are from tens 
to thousands of micrometers. The crystal structure formed usually is face centered cubic 
(fcc), although low volume fraction body centered cubic (bcc) crystals are formed if the 
particles interact repulsively over distances much longer than their sizes.
24 
Particles 
which interact nearly as hard spheres show a tendency to form randomly stacked 
hexagonal layers. In this structure the stacking order of the hexagonally packed (111) 
planes is not ABCABC… as in fcc, nor ABAB… as in hcp, but close to random.
25, 26  
 
Their self-organizing properties make spherical colloids as suitable candidates for 
fabricating photonic crystals. There are only a few materials from which colloids can be 
made with sufficient monodispersity to crystallize, namely silica, ZnS, and a number of 
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polymers, most notably polystyrene and polymethylmethacrylate. Most of the colloidal 
crystals of these materials have a relatively modest refractive index contrast, even when 
dried. 
 
1.1.4.3 Colloidal Crystal Templating  
The early calculations had already shown that the prevailing fcc structure possesses a 
complete photonic band gap only for the inverted crystal structure, in which the air 
spheres have a lower index than their environment.
27 
Furthermore, the refractive index 
contrast needs to be very large (>2.85). Although the diamond structure has a complete 
band gap for the direct crystal structure
28 
it is never formed by colloidal self-assembly. 
More detailed calculations of the photonic properties of crystals formed by 
self-assembling systems determined that the optimal air filling fraction was around 
80%,
29, 30 
but did not identify structures that are easier to fabricate. These facts quickly 
led to the development of chemical means by which the interstitial voids of a colloidal 
crystal can be filled with a high index solid, after which the colloidal particles can be 
removed.
31-37 
These approaches are known collectively as colloidal crystal templating 
methods. In that way, the air filling fraction of such an “inverse opal” is automatically 
close to the maximum sphere packing fraction of 74% and a larger variety of materials 
can be used.  
 
 14
The initial templating methods used emulsion droplets
31 
or polystyrene spheres
33, 35, 37 
as 
the colloidal templates, and sol-gel chemistry to fill the interstitial space. Using emulsion 
droplets ordered porous materials of titania (TiO2), zirconia (ZrO2), silica, and 
polyacrylamide were made.
31, 32 
The emulsion oil droplets are not easy to make 
monodisperse, but they are easy to remove by dissolution or evaporation. A calcination 
step then converted the titania gel into the desirable high refractive index titania phases 
anatase (n=2.5, above 400°C) or rutile (n=2.8, above 900°C).
38 
In an independent work 
polystyrene latex spheres and a sol-gel reaction were used to produce inverted crystals of 
amorphous silica.
33, 34 
Because polystyrene spheres are easy to obtain with high 
monodispersity and because they self-assemble with great ease they have been used in 
many subsequent templating studies.
35, 36, 39-42 
These particles are removed either by 
calcination or by dissolution, for example, toluene. Monodisperse 
polymethylmethacrylate spheres may be used similarly.
43 
Silica spheres can be made 
equally monodisperse as polymer colloids, but must be removed by etching with a 
hydrogen fluoride (HF) solution.
44-48 
All these approaches have resulted in materials 
containing large domains of well-ordered spherical pores.  
 
Many metal oxides (titania, silica, zirconia, alumina, yttria, etc.) are produced by 
hydrolysis of the corresponding liquid metal alkoxide, which is infused into the pores by 
capillary action, sometimes aided by suction.
35-37, 40-42 
An alternative approach is to use 
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ultrafine powders of silica or nanocrystalline rutile, which are added to a monodisperse 
polystyrene latex. The mixed suspension is then dried slowly to produce an ordered 
macroporous material in one step.
49-52 




have also been used. Due to the small size of the particles 
efficient pore filling is achieved.  
 
Polymeric inverted opals have been made of polyacrylamide, polystyrene, 
polymethylmethacrylate, and polyurethane by infiltrating colloidal crystals with a liquid 





Precipitation reactions of salts followed by chemical conversion have been applied to 
expand the variety of accessible materials to a large number of carbonates and oxides of 




Electrochemical deposition can also be used to template colloidal crystals that have been 






The last templating method is chemical vapor deposition (CVD), with which the degree 
of filling can be accurately controlled. Thus, CVD was used to fill silica crystals with 
graphite and diamond,
 
silicon, that has a refractive index of 3.5 and is transparent at 




A difficulty was the obstruction with 
material of the outermost channels which provide access to the innermost channels. 
Using low-pressure CVD, which prevented channel obstruction, and highly ordered silica 
crystals, inverted crystals of silicon were made.
 
 
1.1.4.4 Directed Self-Assembly 
Although colloidal self-assembly has distinct advantages in the fabrication of 
three-dimensional photonic crystals it also has a number of drawbacks. Without gentle 
persuasion the material formed is polycrystalline, contains lattice defects and stacking 
errors, and can only form a limited number of crystal structures, which have a random 
orientation. A number of strategies have been developed to overcome these limitations. 
Methods in which an external influence is used to direct particles to preferred lattice 
positions are called directed self-assembly techniques.  
 
A relatively simple technique that already produces well-ordered crystals is called 
convective self-assembly or vertical deposition. This process is easy to be realized. A 
clean and flat substrate such as microscope slide is placed vertically in a colloidal 
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suspension. As the solvent evaporates from the meniscus more particles are transported to 
the growing film by fluid flow. Capillary forces in the drying film pull the spheres into a 
regular close packing. The number of layers can be controlled accurately by the particle 
volume fraction. The resulting crystal has a uniform orientation over centimeter distances, 
making it essentially single-domain. Although vacancies exist their number is relatively 
small. Cracks often form during drying but the crystal orientation is preserved across 
cracks. Sedimentation of particles larger than about 0.5 µm prevents their deposition in 
this way. However, this problem can be overcome by applying a temperature gradient 
which causes a convective flow counteracting sedimentation.
 
Vertical deposition has 
produced some of the best ordered colloidal crystals, which are suitable for investigating 




Another approach of formation of well-ordered, large-area crystals of close-packed 
spheres is to filter colloidal spheres into a thin slit between two parallel plates.
63-65 
The 
crystal thickness can be controlled from a monolayer to several hundreds of layers 
through the plate separation. Fabrication of the filter cells uses photolithography and 
cleanroom facilities, but an easier method has been developed using replica molding 
against an elastomeric mold.
66  
Long-range fcc order has also been induced by applying 





Although electrophoretic deposition is widely used for the deposition of particulate films 
of many different materials it can also be used to prepare ordered three-dimensional 
sphere packings.
68-71 
The quality of the crystals formed appears to be comparable to that 
obtained by sedimentation, but is somewhat lower than that in crystals formed by vertical 
deposition. It is much faster, though. 
 
The methods to direct colloidal self-assembly mentioned so far produce (nearly) close 
packed crystals of the fcc type. Their (111) planes are always arranged parallel to the 
substrate. Other directed self-assembly methods try to overcome these limitations.  
 
In colloidal epitaxy the colloidal particles sediment onto a substrate that has been 
patterned lithographically with a regular array of pits roughly half a particle deep.
72,73
The 
first particles fall into the pits, providing a template for other particles. When the first 
layer was forced to be a (100) or (110) lattice plane of fcc this orientation of the growing 
crystal was preserved over thousands of layers with relatively few defects. Colloidal 
crystals can also form binary crystals if the size ratio between the two types of spheres is 
carefully adjusted. 
 
Different crystal structures can also be made by making the interaction potential between 
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the colloidal spheres anisotropic. For example, dipolar interactions can be induced by 
applying a high-frequency electric field. This results in self-assembly of a body-centered 
tetragonal crystal structure.
74  
Using optical tweezers or other more advanced techniques 




The first objective of this project is to fabricate high-quality colloidal photonic crystals 
with less defects, cracks and large single crystal domains by sedimentation and modified 
vertical deposition. 
 
The second objective is to investigate the effects of surfactants on the array fashion of the 
particles. 
 
The third one is to explore the effects of pre-heating treatment on the photonic bandgap 
properties of colloidal photonic crystals. 
 
The last one is to fabricate surfactant-assisted TiO2 photonic crystals using colloidal 
crystal templating and to prove their stop bandgaps by optical characterization. 
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1.3 Organization of the Thesis 
This thesis is structured as follows. The first chapter serves as introduction of the basics, 
the optical properties and the fabrication of photonic crystals, as well as the objectives 
and organization of this project. It will also deal with the main techniques of 
characterization. The second chapter is devoted to fabrication and characterization of 
colloidal crystals as three-dimensional photonic crystals. The effects of surfactants on the 
structure of polystyrene colloidal crystals and the effects of pre-heating treatment on the 
photonic bandgap properties of silica colloidal crystals will be described in the third and 
the fourth chapters, respectively. Fabrication of well ordered TiO2 photonic crystals with 
large single domain by the methods of colloidal crystal templating will be included in the 
fifth chapter. The last chapter is conclusion. 
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Chapter 2 Crystalline Arrays of Colloidal Spheres as 
Three-Dimensional Photonic Crystals 
 
2.1 Introduction 
Colloids are structures comprising small particles suspended in a liquid or a gas. 
Small refers to sizes between nanometers and micrometers, larger than atoms or 
molecules but far too small to be visible to the naked eye. Monodisperse colloidal 
particles can spontaneously organize into three dimensional periodic crystals. Their 
lattice periodicity can be easily adjusted from the nanometer to the micrometer range 
by varying the sizes of the particles. Their self-assembly properties make spherical 
colloidal particles suitable for fabricating photonic crystals.  
 
In recent years, opal-type colloidal crystals, crystalline arrays of monodispersed 
spherical colloidal with closed packed structure, have been the focus of much 
attention with respect to applications in photonic crystals engineering: reflecting 
dielectric, resonant cavity, waveguide, and optical device.2-5 Crystalline arrays of 
colloidal spheres, so-callled colloidal crystals or opals, and their inverse structure 
seem to be the most likely candidates for the photonic bandgap material.2-5 Patterned 
opal or inverse opal structure were recently fabricated on silicon wafers, glass plates 
or other flat substrates, and inverse opals as photonic crystals with a complete 
bandgap were demonstrated.6-9 Although colloidal crystals are not expected to exhibit 
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a full bandgap due to the relatively low dielectric contrast that can be achieved for 
these materials, they offer a simple and easily prepared model system to 
experimentally probe the photonic band diagrams of certain type of three-dimensional 
periodic structure.10 
 
Colloidal crystals assembled from highly charged polystyrene beads or silica spheres 
have been known for a long time to produce Bragg diffraction of light in the optical 
region.11 Spry and Kosan and Asher and co-workers noticed that the position, width, 
and attenuation of the Bragg diffraction peak could be described by the dynamic 
scattering theory that was originally put forward by Zachariasen for X-ray 
diffraction.12 These highly ordered systems were recently, studied in more detail as 
photonic crystals by Vos et al.,13 Watson and co-workers,14 and several other groups. 
Vos et al. also concluded that the dynamic scattering theory had to be modified to take 
into account the excluded volume effect.15 Lopez and co-workers,16 Vlasov and 
co-workers,17 Zhang and co-workers,18 and Colvin and co-workers19 have extensively 
investigated the photonic properties of artificial opals fabricated from monodispersed 
silica colloids. In some cases, the void spaces among the colloidal spheres could be 
infiltrated with a variety of other materials to change the dielectric contrast. Colvin 
and coworkers also measured the dependence of stop band attenuation on the number 
of layers along the [111] direction.19  
 
A large colloidal crystal with a flat and uniform surface is anticipated for applications 
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in photonic engineering. Several methods were proposed for crystallizing spherical 
colloids into three dimensionally periodic lattices using sedimentation, centrifugation, 
electrophoresis deposition, filtration, vertical deposition, shear induction, cell packing, 
and liquid-air interface.9 However, some bottlenecks exist, for example, defects, 
disorders and cracks formed invariably in opals and inverse opals. In our project, we 
modified sedimentation and vertical deposition methods to fabricate colloidal crystals 
with less defects, disorders and cracks. We also studied their photonic bandgap 
properties. The position of the stop band can be changed to cover the whole spectral 
region from UV to near-IR by choosing PS beads or silica spheres with different 
diameters. All of these studies are consistent with the computational results: that is, 
there only exists a pseudo bandgap for any fcc lattice self-assembled from 
monodispersed colloidal spheres. 
 
2.2 Fabrication of Colloidal Crystals 
2.2.1 Fabrication of Colloidal Crystals by Sedimentation 
Sedimentation is the natural way to obtain solid opals. This method produces thick 
opals and can be altered in different ways depending on the goal pursued. In this 
procedure a solid is left to settle, a process that takes between days and months 
depending on the size of the spheres, at the end of which a sediment is obtained.20 
Figure 2.1 depicts the general procedure. The sedimentation occurs driven by gravity, 
and a clear sedimenting front can be seen separating clear water and colloid. The 
supernatant liquid is removed and the sediment dried. At this stage, the spheres are 
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not in actual contact but kept together by water necks. The water in the opal is about 
10 wt.-% overall. The thermal treatment at 2000C makes the sample water-free and 
truly compact face centered cubic (fcc), but, at the same time, mechanically very 
weak and unmanageable. Additionally, drying in these conditions invariably involves 
a crack formation process. Drying involves a contraction that does not occur in the 
supporting substrate, which can only be accommodated by the creation of cracks, and 
defects accommodate lattice mismatch in epitaxially grown materials. The final result 
is a compact of spheres arranged according to fcc lattice structure, whose photonic 
properties scale with bead diameter revealing their origin. 1, 21  
 
Figure 2.1. Schematic illustration of sedimentation 
 
 
When beads are too large or too small (and so is their deposition velocity) bad quality 
or no sedimentation is achieved in a reasonable time. 
 
Sedimentation is one of the most simple and convenient method of forming a 
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colloidal crystal (an opal film), but it is difficult to form a uniform and flat opal film 
on a flat substrate. For a coated suspension on a hydrophobic substrate, opal film will 
shrink during the evaporation due to the moving contact line. If a hydrophilic 
substrate is used, the colloidal particles accumulate at the edge of the droplet due to 
the pinning contact line. As a result, a ring-shape opal is formed along the contact line 
at the edge of the substrate. By the way, this kind of ring formation is a well-known 
phenomenon and is commonly observed on flat surfaces of solid substrate. Recently, 
this phenomenon was explained on the basis that the capillary flow causes ring stains 
from dried liquid drops. Deegan et al. suggested that the rate of evaporation at the 
edge (contact line) is greater than that at the center in a liquid suspension film.22-24 To 
compensate water, the capillary flow occurs from the center to the edge; colloidal 
particles in the suspension are conveyed with the flow of water during crystallization. 
Reducing capillary flow in a colloidal suspension can depress formation of the ring as 
the result of dried drop suspension.9  
 
In our experiments, colloidal crystals of polystyrene beads with diameter of 300nm 
and silica spheres with diameter of 330nm and 0.97µm were fabricated using 




Figure 2.2. SEM images of a colloidal crystal of 300nm polystyrene beads: a) view in 
a large area; b) oblique view along a crack; c) view in large magnification; d) square 
array observed in the colloidal crystal. 
 
Figure 2.2a shows a top view of a relative large portion of the colloidal crystal. The 
colloidal crystals were well ordered, but disorder and defects can also be found. The 
disorder and defects were generated during the crystallization, which is mainly due to 
the deviation of the diameter of some polystyrene beads. Figure 2.2b shows an 
oblique view of the crystal along a crack and indicates that the polystyrene beads 
formed a cubic-close-packed (ccp) structure that extends all layers along the direction 
perpendicular to the surfaces of the substrate. The ccp structure can also be described 
as a face-centered cubic (fcc) lattice with the (111) face parallel to the surfaces of the 
substrate. The crack in the crystal was created as a result of the volume shrinkage of 
wet colloidal crystal during the drying process. Figure 2.2c and d show a top view of 
 33
the crystal in large magnification. The (111) face (hexagonal array) can be found in 
most area of the surface, but the (100) face (square array) can also be observed. The 
proportion of the square array over the entire surface is about 20%, which is much 
lower than that of the hexagonal array. 
 
 
Figure 2.3. a, b) SEM images of colloidal crystal of 0.97µm silica spheres in large 
and small magnification; c, d) SEM images of colloidal crystal of 0.33µm silica 
spheres in large and small magnification. 
 
Figure 2.3a, b, c and d show SEM images of the colloidal crystal of silica spheres 
with diameter of 0.97µm and 0.33µm, respectively. The crystals also had a structure 
of fcc lattice with (111) plane parallel to the surfaces of substrates. 
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2.2.2 Fabrication of Colloidal Crystals by Vertical Deposition 
The set up of the vertical deposition is simple and only requires a vial containing a 
colloid (typically about 1 vol.-%), where a flat substrate is inserted vertically. Figure 
2.4 illustrates the general procedure of vertical deposition. A meniscus is formed that 
draws particles to its vicinity by capillarity. Evaporation sweeps the meniscus along 
the substrate vertically, feeding particles to the growth of front. Colloid concentration 
and sphere diameter determine the thickness of the layer deposited. Successive growth 
process can lead to the assembly of multilayers that can be constituted of similar or 
different particles.1 Under the proper conditions, evaporation of the solvent leads to 
the deposition of an ordered three-dimensional packing of spheres with more or less 
uniform thickness on the substrate, starting form a position below the initial level of 
the contact line at the top of the meniscus. Once the opal film is dried, the colloidal 
spheres adhere well enough to the adjacent ones, and to the substrate that the film can 
be easily handled without detaching or disintegrating. 
 
Figure 2.4. Schematic illustration of vertical deposition 
Although the evaporation rate can be easily controlled through the vapor pressure in 
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the surrounding atmosphere, controlling the sedimentation rate is not so easy as it is 
largely determined by sphere size. When the spheres are smaller than 400nm, 
successful conditions are relatively easy to achieve.25 The solvent (typically water) is 
simply evaporated slowly form the suspension at room temperature. However, for 
larger spheres, this simple approach is unsuccessful. The spheres sediment quickly 
and are not deposited. This problem was overcome by choosing a more volatile 
solvent (ethanol) and application of a temperature gradient to the vial.26, 27 Now this 
method can produce high-quality opal films with uniform structure over a relatively 
large area (larger than 1 cm2).28-33 
 
 
Figure 2.5. SEM images of a colloidal crystal of 0.33µm silica spheres using vertical 
deposition: a) view in small magnification; b) view in large magnification. 
 
Figure 2.5 shows SEM images of a colloidal crystal of 0.33µm silica spheres obtained 
by using vertical deposition method. The structure of the crystal is similar to that of 
colloidal crystals formed using sedimentation method, but the quality of the crystal is 
much better and no discernible crack can be observed in a quite large area ( large than 
200 µm× 200 µm). Further experiments showed that the number of layers of colloidal 
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crystals was increased with increasing the concentration of suspension within the 
limitation of 10% by weight. 
 
2.3 Optical Characterization of Colloidal Crystals 
Optical reflection and transmission measurement were obtained at normal incidence 
to the substrate using UV-Vis spectrometer.  
 
Figure 2.6. UV-Vis reflectance and transmission spectra of a colloidal crystal 
assembled from 300nm polystyrene beads with the incident light normal to the 
substrate. 
 
Figure 2.6 shows the reflectance and transmission spectra of the colloidal crystal 
assembled from 300 nm polystyrene microspheres prepared by sedimentation. The 
peak position and dip position, which correspond to the first Bragg diffraction (the 
stop band), are located at 604nm. The relatively low reflectance observed in the 
experimental measurements was probably caused by the diffusive scattering of cracks 
formed during sample drying, since the size of the optical probe we used was several 
millimeters in diameter. This scattering effect is also expected to increase the width of 
the diffraction peak (the stop band). The transmission spectrum shows a wider and 
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shallower stop band. Recent studies reveal that the defects in colloidal crystals 
strongly affect their optical properties.34 The presence of defects results in the 
appearance of strongly localized photonic bandtail states, and thus enhances the 
transmission in the gap, so the stop band will become shallower with the presence of 
disorder. The transmission in the gap increases with the increase of disorder. On the 
other hand, the presence of defects leads to exponential decay of light with thickness 
not only within the former gap of the periodic structure, but also in the former 
passbands, thus broadening the gap and decreasing the transmission in the passbands. 
 
The 3D crystalline array of colloidal spheres diffracts light according to the Bragg 
equation:35 
     2/122min )sin(2 θλ −= ndm hkl                   (2.1) 
where m is the order of diffraction; minλ  is the position of diffraction peak observed 
on the reflection or transmission spectra (or the stop band); hkld  is the spacing 
between (hkl) planes; θ  is the angle between the incident light and the normal to the 
diffraction planes (at normal incidence, θ =0); and n is the mean refractive index of 
this crystalline lattice. In this case, 111d  becomes ( ) D2132 , where D  is the diameter 
of PS beads. As a good approximation, n can be calculated using the following 
formula: 
)1( fnfnn mp −+=                     (2.2) 
where pn  is the refractive index of colloidal particles; f is the volume fraction 
occupied by the particles; and mn  represents the refractive index of air in the crystals. 
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In this case, pn = 1.6, mn = 1, and the volume fraction was f = 0.74 for samples made 
of PS spheres. As a result, the mean refractive index of the PS colloidal crystals 
should be 1.444. The first order diffraction peak at 604nm corresponding to a lattice 
spacing of 245nm between the (111) planes perpendicular to the incident light. 
 
Figure 2.7. UV-Vis reflectance spectrum of a colloidal crystal of 0.33µm silica 
spheres with the incident light normal to the substrate. 
 
Figure 2.7 shows the reflectance spectrum of a colloidal crystal of 0.33µm silica 
spheres prepared by vertical deposition. In this case, pn = 1.45, mn = 1, and the 
volume fraction was f = 0.74 for samples made of silica spheres. As a result, the mean 
refractive index of the silica colloidal crystals should be 1.333. The stop band position 
displayed as peak position is located at 603nm, which corresponds to a lattice spacing 
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of 269nm between the (111) planes perpendicular to the incident light.  
 
2.4 Conclusions 
In summary, colloidal crystals were fabricated from polystyrene and silica colloidal 
particles by sedimentation and vertical deposition. The crystals with structure of face 
centered cubic (fcc) lattice were resulted from evaporation-induced interfacial 
self-assembly crystallization. Through optimizing the fabrication conditions in terms 
of crystallizing temperature and the concentration of the particles, the defects, 
disorders and cracks in the colloidal crystals are greatly reduced and the typical size 
of a single crystalline domain is larger than 200µm. Their reflectance spectra 
measured with UV-Vis spectrometer show that they possess photonic stop bandgaps. 
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3.1.1 Research Background 
Monodispersed spherical colloidal particles can spontaneously form 
three-dimensionally periodic lattices (or colloidal crystals) as a direct consequence of 
various types of thermodynamic driving forces.1 These crystalline assemblies of 
mesoscale particles have been recognized as a unique model system to explore 
fundamental phenomena of condensed matter physics that include, for example, phase 
transition,2 nucleation,3 and diffusion.4 More recently, colloidal crystals have become 
a subject of intensive research, because of their photonic applications as optical 
filters,5 switches,6 sensors,7 and waveguiding structures.8  
 
Colloidal crystals can be easily fabricated through self-assembly techniques from 
microspheres made of SiO2 or polymers, adopting face-centered-cubic (fcc) 
lattices.9–12 Evaporation-induced self-assembly, patterned substrates, and physical 
confinement have been used to direct the colloidal crystal growth. The (111) or (100) 
surface of the fcc crystal is typically parallel to the surface of the substrate.13–20 
However, investigations related to the array fashion of the particles are very limited. 
Dushkin et al.21, 22 studied the effect of water evaporation rate, liquid meniscus at the 
boundary, particle size, etc. on circular-shaped crystals formed from a thin layer of a 
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latex suspension. The authors mentioned that a hexagonal lattice from monodispersed 
colloids prevails in the formed crystal, but square lattices can be observed in the 
transition regions between hexagonal lattices. Also, the formation of square arrays is 
favorable by addition of glucose, which decreases the particle movement. Weixiao 
Cao et al.23 investigated the effects of temperature and surfactant on the array fashions 
of the particles as well as the packing modes of the crystals. They concluded that the 
deposition temperature and surface tension of the latex solution play important roles 
in determining the structure of the formed colloidal crystals. 
 
To further understand the array fashion of the particles and obtain colloidal crystals 
with high quality and desired structures, different surfactants were added into 
polystyrene colloids for fabricating colloidal crystals in our experiments. 
 
3.1.2 Surfactants 
Surfactant has two distinct parts in the same molecule; one that has an affinity for the 
solvent and the other that does not. In aqueous solutions, these two moieties are 
hydrophilic and hydrophobic parts respectively. The hydrophilic part is usually 
referred to as ‘head group’ and is either strongly polar or charged. The hydrophobic 
part is usually called the ‘tail’ and is most commonly a simple hydrocarbon group. If 
surfactant molecules are located at an air–water or oil-water interface, they are able to 
locate their hydrophilic head groups in the aqueous phase and allow the hydrophobic 
hydrocarbon chains to escape into the air or oil phase. This situation is more 
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energetically favorable than complete solution in either phase. The strong adsorption 
of such material at surfaces or interfaces in the form of an orientated monomolecular 
layer (or monolayer) is termed as surface activity. Surfactants are classified as anionic, 
cationic, zwitterionic (or amphoteric) and nonionic according to the charge carried by 
the head group.  
 
It is well known that when a hydrocarbon chain is in contact with water, the network 
of hydrogen bonds between water molecules reconstructs itself to avoid the region 
occupied by the hydrocarbon. This constraint on the local structure of water decreases 
the entropy of the water near the hydrocarbon and results in a larger free energy for 
the total system. The hydrophobic effect, therefore, arises because of the 
self-attraction of water for itself, which tends to squeeze the hydrocarbon out and not 
because of repulsion between water and hydrocarbon. This leads to the tendency of 
the surfactant molecules to self-association or aggregation, so that the energetically 
unfavorable contact between the nonpolar part and water can be avoided while the 
polar part retains the aqueous environment. Micelle is an aggregate formed by self 
association of amphiphilic molecules in water, in which the hydrocarbon chains are in 
the middle, avoiding contact with water as much as possible, and the hydrophilic 
groups are at the surface. The concentration above which micelle formation becomes 
appreciable is termed as the critical micelle concentration or CMC. Once CMC is 
reached, further addition of surfactant causes the formation of aggregates or micelles. 
All additional surfactant aggregates into micelles and the monomer concentration 
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remains almost constant. Figure 3.1 shows the schematic illustration of the micelle 
formation in aqueous solution and the surface tension as a function of surfactant 
concentration. Even at very low concentrations, surfactants lower the surface tension 
of water quite appreciably. But at concentration above CMC, for pure surfactants, the 
surface tension remains constant. Since the micelles themselves are not surface-active, 
the surface tension remains approximately constant beyond CMC. 
 
 
Figure 3.1. Schematic illustration of micelle formation in aqueous solution and 
surface tension as a function of surfactant concentration. 
 
3.2 Preparation and Characterization of Colloidal Crystals with 
Surfactants 
The colloidal crystals were prepared from monodispersed polystyrene colloids with 
addition of surfactants by sedimentation. The diameter of the polystyrene beads is 
0.3µm. Four kinds of surfactants, which are dodecyl sulfate, sodium salt (SDS), 
glycolic acid ethoxylate lauryl ether (GAELE), hexadecyltrimethylammonium 
bromide (CTAB), and polyoxyethylenesorbitan monooleate (Tween 80), were used to 
study the effect of surfactant on the structure of colloidal crystals. SDS and GAELE 
are anionic surfactants; CTAB is a cationic surfactant; Tween 80 is a nonionic 
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surfactant. For each kind of surfactant, different concentrations were used. Table 3.1 
shows their CMC and different concentrations of the surfactants in PS colloids for 
fabricating colloidal crystals. 
 
Table 3.1. Surfactants with different concentrations in PS colloids for fabricating 
colloidal crystals 



















0.17 0.70  --- 
Tween 80  
Nonionic 
CMC=0.013mg/ml 
0.00625 0.0125 0.021 0.122 
 
A scanning electron microscope (SEM) was used to observe the structures and 
morphologies of the resulting colloidal crystals. Several observations were performed 
on a 50 µm×50 µm area, which was selected arbitrarily on the sample surfaces. Then 
the representative structure or morphology was determined as an image. 
 
3.3 Results and Discussion 
Figure 3.2a shows a SEM image of the colloidal crystal formed in the presence of 
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SDS. The concentration of SDS in PS suspension is 3.07 mg/ml, which is above its 
CMC. The image shows that hexagonal array prevailed in the formed crystal, but 
square array can also be observed. The result is similar to that reported by Dushkin 
and Weixiao Cao et al. for colloidal crystals from polystyrene latex.21-23 The square 
array has more interspaces than the hexagonal array. The proportion of the square 
array over the entire surface of the colloidal crystal formed in the presence of SDS 
increase to about 30% as compared to that formed in the absence of SDS (about 20%). 
Figure 3.2b, c and d show SEM images of the colloidal crystals formed in the 
presence of GAELE with different concentrations. The colloidal crystals have similar 
morphology and structure compared to that formed in the presence of SDS. The 
presence of GAELE with different concentrations has not much effect on the 
proportion of the square array. 
 
Figure 3.3a and b show SEM images of the colloidal crystals formed in the presence 
of CTAB with concentration of 0.17 mg/ml and 0.70 mg/ml, respectively. The images 
show that the colloidal crystals maintained fcc lattice structure, but disordered fractal 
aggregates appeared on the sample surfaces. Furthermore, it seems that more 
aggregates will appear with increasing the concentration and the particles on the top 
layer were not well ordered when the concentration is high enough. 
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Figure 3.2. SEM images of colloidal crystals formed in the presence of surfactants a) 
SDS, conc. = 3.07 mg/ml; b) GAELE, conc. = 0.07 mg/ml; c) GAELE, conc. = 0.13 
mg/ml; d) GAELE, conc. = 0.21 mg/ml. 
 
 
Figure 3.3. SEM images of colloidal crystals formed in the presence of CTAB. a)  
conc. = 0.17 mg/ml; b) conc. = 0.70 mg/ml. 
 
Figure 3.4a, b, c and d show SEM images of the colloidal crystals formed in the 
presence of Tween 80 with concentration of 0.00625 mg/ml, 0.0125 mg/ml, 0.021 
 50
mg/ml and 0.122 mg/ml, respectively. When the concentration of Tween 80 was 
below or equal to its CMC ( Figure 3.4a, b), the colloidal crystals show the similar 
morphology and structure to those formed in the presence of SDS and GAELE, and 
two different arrays can also be observed. When the concentration of Tween 80 was 
about two times of its CMC (Figure 3.4c), small domains of square array occupied 
nearly the whole surface of the sample. When the concentration was well above its 
CMC (Figure 3.4d), small aggregates of Tween 80 molecules appeared on each 
particle on the sample surface, but the PS microspheres still self-organize into to an 
fcc crystalline with (111) plane parallel to the substrate.  
 
 
Figure 3.4. SEM images of colloidal crystals with addition of Tween 80. a) conc. = 
0.00625 mg/ml; b) conc. = 0.0125 mg/ml; c) conc. = 0. 021 mg/ml; d) conc. = 0.122 
mg/ml. 
 51
To explain the phenomena, a great attention must be paid to controlling the interaction 
energies between the particles and between the particles and their surroundings. 
Thermally induced self-assembly typically requires repulsive or only very weakly 
attractive interactions. Strong attraction usually leads to the formation of highly 
disordered aggregates, rather than ordered colloidal crystal structures.24 Thus, for 
CTAB, when charge-stabilized colloidal particles are mixed with the opposite charged 
surfactant, they typically destabilize and form disordered aggregates. Because the 
surfactant binds electrostatically to the particles, this process makes their surfaces 
hydrophobic and leads to strongly attractive particles interactions. For SDS and 
GAELE, well ordered colloidal crystals formed because the surfactants have the same 
charge and do not much affect the interaction between particles so much. As for more 
square arrays on the surfaces, it is due to the thermal energy has been changed a little 
by surfactants. For Tween 80, when the concentration is below or a little above its 
CMC well ordered colloidal crystals still formed and more arrays appeared on the 
surface compared to those formed in the absence of surfactant. Because the surfactant 
does not have any charge and the interaction between particles will not be affected so 
much. When the concentration is well above its CMC, the micelles of Tween 80 




Colloidal crystals were fabricated in the presence of different surfactants with 
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different concentrations by sedimentation. The surfactants are effective in modifying 
the orientation of colloidal crystals. The square array is favorable to form in the 
presence of surfactants that change the interaction between the colloidal particles. 
This provides an effective route for control of the orientation of colloidal crystals and 
may have potential applications. 
 
References 
[1] (a) From Dynamics to Devices: Directed Self-Assembly of Colloidal Materials 
(Grier, D. G., Ed.), a special issue of MRS Bull. (1998, 23, 21). (b) Xia, Y.; Gates, 
B.; Yin, Y.; Lu, Y. Adv. Mater. 12, 693 (2000). 
[2] Murray, C. A.; Grier, D. G. Am. Sci. 83, 238 (1995). 
[3] Skjeltorp, A. P.; Meakin, P. Nature 335, 424 (1988). 
[4] Simon, R.; Palberg, T.; Leiderer, P. J. Chem. Phys. 99, 3030 (1993). 
[5] Weissman, J. M.; Sunkara, H. B.; Tse, A. S.; Asher, S. A. Science 274, 959 
(1996). 
[6] Pan, G.; Kesavamoorthy, R.; Asher, S. A. Phys. Rev. Lett. 78, 3860 (1997). 
[7] Holtz, J. H.; Asher, S. A. Nature 389, 829 (1997). 
[8] Lee, W.; Pruzinsky, S. A.; Braun, P. V. Adv. Mater. 14, 271 (2002). 
[9] A. Blanco, E. Chomski, S. Grabtchak, M. Ibisate, S. John, S. W. Leonard, C. 
López, F. Meseguer, H. Míguez, J. P. Mondia, G. Ozin, O. Toader, and H. M.  
van Driel, Nature 405, 437 (2000).  
[10] Y. A. Vlasov, X. Bo, J. C. Sturm, and D. J. Norris, Nature 414, 289 (2001). 
 53
[11] B. Holland, C. Blanford, and A. Stein, Science 281, 538 (1998). 
[12] S. Wang, V. Kitaev, and G. A. Ozin, J. Am. Chem. Soc. 125, 15589 (2003). 
[13] E. Kim, Y. Xia, and G. M. Whitesides, Adv. Mater. 8, 245 (1996). 
[14] A. Blaaderen, R. Ruel, and P. Wiltzius, Nature 385, 321 (1997).  
[15] S. M. Yang and G. A. Ozin, Chem. Commun. 24, 2507 (2000). 
[16] H. Míguez, S. M. Yang, N. Tétreault, and G. A. Ozin, Adv. Mater. 14, 1805 
(2002). 
[17] S. M. Yang, H. Miguez, and G. Ozin, Adv. Funct. Mater. 12, 425 (2002). 
[18] Y. Yin, Z. Li, and Y. Xia, Langmuir 19, 622 (2003). 
[19] J. Zhang, A. Alsayed, K. H. Lin, S. Sanyal, F. Zhang, W. J. Pao, V. S. K. 
Balagurusamy, P. A. Heiney, and A. G. Yodh, Appl. Phys. Lett. 81, 3176 (2002). 
[20] B. Gates, Y. Lu, Z. Y. Li, and Y. Xia, Appl. Phys. A: Mater. Sci. Process. 76, 
509 (2003). 
[21] Dushkin, C. D.; Yoshimura, H.; Nagayama, K. Chem. Phys. Lett. 204, 45 (1993). 
[22] Dushkin, C. D.; Lazarov, G. S.; Kotsev, S. N.; Yoshimura, H.; Nagayama, K. 
Colloid Polym. Sci. 277, 914 (1999). 
[23] Hailin Cong and Weixiao Cao, Langmiur 19, 8177-8181 (2003). 
[24] Laurence Ramos, T. C. Lubensky, Nily Dan, Philip Nelson, D. A. Weitz, Science 
286, 2325-2327 (1999). 
 54
Chapter 4 Effects of Pre-heating Treatment on Photonic 
Bandgap Properties of Silica Colloidal Crystals 
 
4.1 Introduction 
Photonic bandgap (PBG) crystals have attracted great attention because of their potential 
applications in confining and controlling electromagnetic waves in all three directions of 
space. 1-3 These structures consist of periodic dielectric materials, which strongly diffract 
light and exhibit a stop band in its reflectance and transmission spectrum. 4, 5 Recently, 
the three-dimensional (3D) PBG crystals formed from monodispersed particles, both 
organic and inorganic, have been proposed as an easy and low-cost way to fabricated 3D 
PBG and a suitable system to investigate the optical properties. 6-8 The photonic crystal 
properties can be easily tuned by the sphere diameter, covering the whole visible and NIR 
region of the spectrum. It has been demonstrated that the position of the stop band can be 
tuned by sintering the self-assembly crystals at elevated temperature. 9, 10 In this case, the 
position (and intensity) of the stop band could be changed in a controllable way to cover 
a narrow spectral region.  
 
The particles in pristine samples of silica colloids have the ultramicroporous structure and 
will undergo a series of changes when they are thermally treated at elevated temperatures. 
The absorbed water (about 5% by weight) will be released first at around 1500C; the 
silanol groups will be crosslinked via dehydration in the temperature range of 400-7000C; 
and these particle will start to fuse into aggregates when the temperature is raised above 
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the glass transition temperature of amorphous silica (about 8000C). 11 Thus, the size, 
density and refractive index of the particles may change after their heating treatment. 
Based on this feature of silica colloidal particles, we explored pre-heating treatment to 
control the photonic bandgap properties of silica colloidal crystals. In our experiments, 
colloidal crystals were fabricated from silica colloidal particles that were preheated at 
different temperatures for 2 hours prior to assembly. The results show that this is an 
alternative way to tune the photonic bandgap properties. In contrast to the former post-
annealing method, the pre-heating method facilitates the integration of the photonic 
crystals with other optical or electrical components by avoiding applying high 
temperature that may cause damage to some heat-sensitive devices. Furthermore, the 
silica colloidal crystals can be used as templates to fabricate inverse opals with photonic 
bandgaps in specific region of the spectrum. 
 
4.2 Experiments 
Silica colloids from Bangs Laboratories were placed in small vials and sintered as dry 
powders at 2500C, 3500C, 4500C, 5500C and 6500C, respectively. For each case, the 
heating rate is 50C per minute during temperature increase process and the heating 
duration is 2 hours when the temperatures reached the required values. The average 
diameter of the original silica spheres measured by field emission scanning electron 
microscope (SEM, JSM-6700, JEOL) was 290nm. After sintering, the particles were 
redispersed in deionized water by using ultrasonication (about 1.7% by volume) and 
cleaned glass plates with dimension of 40mm×8mm×1mm were placed nearly vertically 
into the vials. To assemble 3D silica colloidal crystals (opals) with high crystalline 
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quality over large areas, the vials and one containing original silica colloid for 
comparison were put in an oven and the temperature was maintained as 650C based on a 
report on the optimum crystallization temperature for fabrication of opals. 12 As the 
solvent evaporated, thin opals were deposited on the substrates. Optical reflectance of the 
samples on the glass substrates were obtained at the normal incidence to the substrates 
using UV-Vis spectrometer in the wavelength range of 300-800nm. 
 
4.3 Results and Discussion 
The samples were studied using a scanning electron microscopy (SEM).  Figure 4.1 
shows typical SEM images of silica colloidal crystals. Figure 4.1a is taken from the 
colloidal crystal of original silica spheres and Figure 4.1b is taken from the colloid crystal 
of silica spheres with pre-heating treatment at 6500C for 2 hours. The image in Figure 
4.1b indicates that the shape of each silica particle maintained spherical after heating 
treatment. The change of the crystal structures is not observed. Both of the crystals have 
the lattice of face centered cube (fcc) with the (111) plane parallel to the surfaces of 
substrates. Comparing the size of the untreated particles and the pre-treated particles, the 
pre-heated particles are shrunk. 
 
Changes in the size of the spheres were obtained from SEM images. About 100 particles 
were measured for determining the size of the particles heated at different temperatures. 
Figure 4.2 illustrates the relationship between the sizes of spheres and pre-heating 
temperatures. The data show that the spheres shrink after heating treatment and the size 







Figure 4.1. (a) SEM image of colloidal crystal made from original silica particles; the 
size of the particles is 290 nm; (b) SEM image of colloidal crystals assembled from heat-
treated silica particles. The particles were heated at 6500C for 2 hours prior to assembly 




The decrease in size can be attributed to the evaporation of water, followed by the 
elimination of pores in silica spheres during heating. The shrinkage was irreversible and 
not affected by the solvent.  In particular, the refractive index of the heat-treated silica is 
smaller than that of original silica and shows an unusual dependence upon T based on the 
results of similar work recently done by D. J. Norris and co-works. The refractive index 
first decreases; then at T above 4000C, it increases, approaching the refractive index of 
fused quartz. 13 
 
Figure 4.2. A plot of silica particle size verus the pre-heating temperature. 
 
Figure 4.3 shows the reflectance spectra of silica colloidal crystals from original and 
heat-treated silica spheres. A stop bandgap for each sample can be observed. The mid-
gap position of colloidal crystals of original silica spheres is at 603.5±1.2nm, and that of 
colloidal crystals of silica spheres pre-heating at 2500C, 3500C, 4500C, 5500C and 6500C 
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is 602.5±1.2nm, 592.5±1.1nm, 594.5±1.1nm, 602.0±1.2nm, and 615.5±1.4nm, 
respectively. The spectrum that corresponds to the colloidal crystal from particles heat-
treated at 6500C shows unusually broad peak. This may be due to more cracks formed in 
the colloidal crystal resulted from the higher deviation of the particle size after heating 
treatment at such high temperature. Figure 4.4 gives a plot of the mid-gap position versus 
the pre-heating temperature. The mid-gap position first shifts towards shorter 
wavelengths; then at T above 3500C, it shifts towards longer wavelengths. When T 
increases to 6500C, the mid-gap position is even larger than that of colloidal crystal of 
original silica spheres.  
 
 
Figure 4.3. Reflectance spectra of silica colloidal crystals from original and heat-treated 
silica spheres. 
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A crystalline lattice of colloidal particles diffracts light according to the Bragg equation:14 
( ) 2/12221min )sin(322 θλ −= nD                                        (4.1)                        
where minλ  is the wavelength of the diffraction peak known as middle stop bandgap 
position; D  is the diameter of the particles; θ  is the angle between the incident light and 
the normal to the diffraction planes (at normal incidence, θ =0); and n is the mean 
refractive index of this crystalline lattice. As a good approximation, n can be calculated 
using the following formula: 
                                                     )1( fnfnn mp −+=                                                 (4.2) 
where pn  is the refractive index of colloidal particles; f is the volume fraction occupied 
by the particles; and mn  represents the refractive index of air in the crystals. In this case, 
mn = 1, and the volume fraction was f = 0.74 for all the samples since the spherical shape 
of the silica particles were maintained during the pre-heating treatments. Therefore, in 
our case, the Bragg equation can be rewritten as: 
Dnp 3/2)52.048.1(min +=λ                                       (4.3) 
From Equation (4.3), it can be seen that the mid-gap position is determined by the size 
and the refractive index of the silica particles.  In our experiments, the size became 
smaller and then approached a constant value with the preheating temperature, and this 
change in size may lead to the blue shift of minλ ; while the refractive index first decreases; 
and then at T above 4000C, it increases, and this change in refractive index first result in 
the blue shift and then the red shift. Therefore the mid-gap position blue shifted when T 
is below 4000C. When T is above 4000C, the competition between the two effects can 
explain the results in Figure 4.4. 
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In summary, we have demonstrated an efficient method for fine-tuning the bandgap 
properties of three-dimensional PBG crystals made from monodispersed silica spheres. In 
this method, the silica colloids were heated at temperatures in the range of 250-6500C 
prior to formation of colloidal crystals and then redispersed into deionized water for the 
fabrication of crystals. Compared to the mid-gap position of the crystal from original 
silica spheres, that of samples from heat-treated silica spheres first blue shifted and then 
red shifted with increasing the pre-heating temperature due to the change of the silica 
particle size and refractive index. This approach may enable us to obtain PBG crystals 
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with desired properties in any specific spectral region and would have potential 
application in integrated optics. 
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Chapter 5 Fabrication and Characterization of 
Surfactant-assisted TiO2 Photonic Crystals 
 
5.1 Introduction 
Since their proposal in 1987, periodic dielectric structures exhibiting a complete 
photonic band gap (PBG) have gained considerable attention.1 They consist of a low 
absorption material having a three dimensional spatially periodic dielectric lattice, 
with a lattice constant of the order of the wavelength of light (about 500nm). Bragg 
reflections occur on lattice planes which forbid a particular range of wavelengths from 
propagating in the material. A photonic band gap occurs when a range of wavelengths 
is forbidden for every state of polarization and propagation direction.2 Photonic 
crystals have potential use in various applications such as waveguides, optical filters, 
switches, high-density magnetic data storage devices, and chemical and biochemical 
sensors.3 To exhibit such a PBG the photonic crystal has to be made of topologically 
interconnected materials with a large refractive index contrast (RIC). Theoretical 
studies indicate that the minimum contrast between the refractive indices at which a 
complete gap (between the eighth and ninth bands) is formed depends on the 
structural type and varies from 1.9 for a layered structure, through ~2.1 for a diamond 
structure, to ~2.8-2.9 for a face centered cubic inverse opal structure.4  
 
Colloidal crystals assembled from highly charged polystyrene or silica spheres have 
been known for a long time to produce Bragg diffraction of light in the optical region. 
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However, colloidal crystals do not exhibit full bandgaps due to the relatively low 
dielectric contrast that can be achieved for these materials. Computational studies 
have suggested that a porous material consisting of an opaline lattice of 
interconnected air balls (embedded in an interconnected matrix with a higher 
refractive index) should give rise to a complete gap in the 3D photonic band 
structure.5 Optimum photonic effects require the volume fraction of the matrix 
material to fall anywhere in the range of 20±30 %. Although such a 3D structure can 
be built up layer by layer through conventional microlithographic techniques, it has 
been very difficult to achieve that goal when the feature size becomes comparable to 
the wavelength of visible light.6 Processing difficulties have also limited the 
formation of such 3D structures with more than a few layers, or from materials other 
than those currently employed in microelectronics. An alternative approach is based 
on template-directed synthesis against colloidal crystals. This method is attractive 
because the periodicity of this system can be conveniently tuned and a wide variety of 
materials with relatively high refractive indices can be easily incorporated into the 
procedure. 
 
The most promising candidates for the matrix seem to be some wide bandgap 
semiconductors such as diamond, II-VI semiconductors (e.g., CdS and CdSe), titania, 
and tin dioxide because they have a refractive index higher than 2.5 and are optically 
transparent in the visible and near-IR region.7 Other semiconductors with strong 
absorption in the visible region (such as Si and Ge) can be applied to the near-IR 
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regime. Since the first demonstration by Velev et al. in 1997, many advances have 
recently been made in this area.8 For instance, Vos and co-workers have demonstrated 
the fabrication with polycrystalline titania (anatase) by using a sol-gel process and 
also measured the reflectance spectrum of this crystal.9 Baughman and co-workers 
have incorporated chemical vapor deposition (CVD) into this procedure and generated 
inverse opals containing different forms of carbon.10 Norris and co-workers and Braun 
and Wiltzius were able to obtain 3D periodic structures from II-VI semiconductors 
such as CdS and CdSe, albeit no optical measurement was presented in their 
publications.11 Stein and co-workers, Velev et al., and Colvin and co-workers also 
fabricated highly ordered 3D porous materials from metals that might display 
interesting photonic properties.12 Pine and co-workers and Subramanian et al. have 
fabricated inverse opals of titania by filling the void spaces among colloidal spheres 
with slurries of nanometer-sized titania particles.13 They also observed stop bands 
(between the second and third bands) for these 3D porous materials made of rutile- 
and anatasephase titania. Despite these advances, a definitive signature of the 
existence of a complete photonic bandgap is still missing for these 3D porous 
materials. Part of the reason lies on the fact that the filling of the void spaces was not 
complete in most cases and the resulting materials might not be dense enough to 
acquire a refractive index close to that of the bulk materials. 
 
In our experiments, we fabricated TiO2 photonic crystals by using colloidal crystal 
templating method. Polystyrene (PS) colloidal crystals were used as templates and a 
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solution of Tetra-Propoxy-Titane (TPT) in ethanol was used as the infiltration 
material. Their structures and optical properties were studied with scanning electron 
micrograph (SEM) and micro-FTIR, respectively. The effect of surfactant on 
infiltration process was explored by adding SDS in TPT solution. 
 
5.2 Experiments 
We used colloidal crystal templating method 14 to fabricate crystals of air spheres in 
titania, producing photonic crystals with a high refractive index. The photonic crystals 
were prepared as follows. The templates were firstly assembled from a self-organizing 
system. The desired solid material was then infiltrated into the voids of the template. 
Finally, the macro-porous samples were obtained by removing the original templates 
by calcination or wet etching. The general procedure is shown in Figure 5.1. 
 
 
Figure 5.1. Schematic illustration of colloidal crystal templating. 
Firstly, PS colloidal crystals used as templates were assembled from PS colloids by 
sedimentation. Monodispersed PS colloidal spheres with diameter of 300nm were 
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used as received from the supplier (Duke Scientific). The colloidal suspensions were 
loaded on thin cleaned glass plates or silicon wafers. As solvent evaporated, PS 
colloidal crystals (opals) were obtained. Slow evaporation is necessary to minimize 
the number of cracks that appear in the opals. 
 
Secondly, the voids in the opals were filled with TPT solution by precipitation from a 
liquid–phase chemical reaction. The precursor liquid penetrates the voids in the opal 
by capillary forces. The TPT solution has high reactivity to water and reacts with 
water from the atmosphere when it is infiltrated into the opals. We repeated the cycle 
of penetration, reaction, and drying up to three times (depending on the concentration 
of TPT) to ensure that the voids in the opal were sufficiently filled. In order to 
investigate the effect of surfactant on the infiltration process, a PS colloidal crystal 
was filled with the mixture of TPT and (Dodecyl sulfate, sodium salt) SDS solution. 
 
Finally, PS particles were removed by calcination. Calcinations is the common 
method in the preparation of inorganic porous materials made form organic 
templates.9 The samples were slowly heated ( 50C per minute) to 4500C and kept 
heated for 2 hours. The PS particles were gasified and burned during the heating 
process. Photonic crystals of air spheres embedded in TiO2 were thus obtained. 
 
The inverse opals were observed by SEM for determining the structure. Because 
cracks exist inevitably in inverse opals and the typical size of a single domain crystal 
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is about 50-100µm, the common UV-Vis spectrometer with much larger beam size 
can not proved the photonic bandgaps in inverse opals, Herein we also fabricated an 
inverse opal from PS particles with a diameter of 0.99µm and studied its optical 
properties using micro-FTIR. 
 
5.3 Results and Discussion 
 
Figure 5.2. SEM images of a PS colloidal crystal. (a) Oblique view along a crack; (b) 
hexagonal array observed in the colloidal crystal. 
 
Figure 5.2 shows SEM images of a colloidal crystal assembled from PS particles with 
a diameter of 300nm by sedimentation. It is clear that the resulting template has the 
fcc structure with (111) plane parallel (hexagonal array) to the substrate. From the 
point defects in Figure 5.2b, we can see that the upper layer of the crystal possesses 
the same array as that of the layer just below it. That is, in the formation of a colloidal 
crystal, the array fashion of the colloids has transitivity, and the upper layer is always 
the replica of the underside layer. The crystal has a high degree of order, but local 
defects can also be observed, such as point defects (Figure 5.2b), stacking faults, etc. 
In addition, cracks formed in the crystal during drying process (Figure 5.2a). Due to 
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the macroscopic size of sedimented opals, colloidal crystals are polycrystalline and 
the typical size of a single crystalline is about 100 µm. 
 
 
Figure 5.3. SEM images of a TiO2 photonic crystal. (a) Oblique view; (b) view in 
large magnification; (c) view in small magnification; (d) cracks in the crystal. Its 
template was assembled form PS particles with a diameter of 300nm. 
 
Figure 5.3 shows SEM images of a TiO2 photonic crystal. The resulting macroporous 
structures show an ordered hexagonal pattern of spherical holes in the TiO2 matrix. 
The next lower layer of air spheres is visible in the SEMs, as well as the holes that 
connect each air sphere to its nearest neighbors in the next layer. Both the TiO2 
structure and the air spheres are connected, which is favorable to realize band gaps in 
photonic crystals.9 It is shown that the inverse opals have lattice parameters that are 
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about 33% less than those of the original opals. Such large shrinkage formed during 
heating the sample at elevated temperature. Additionally, drying at elevated 
temperature invariably involves a crack formation process. Drying involves a 
contraction that does not occur in the supporting substrate, which can only be 
accommodated by the creation of cracks, as defects accommodate lattice mismatch in 
epitaxially grown materials. The sample is polycrystalline and each domain consists 
of many single crystals. 
 
 
Figure 5.4. SEM images of a TiO2 photonic crystal produced using the mixture of 
TPT and SDS solution as the infiltration material. a) View in large magnification; b) 
view in small magnification. Its template was assembled form PS particles with a 
diameter of 300nm. 
 
Figure 5.4 shows SEM images of a TiO2 photonic crystal, which was produced by 
using the mixture of TPT and SDS solution as the infiltration material, while other 
fabricating conditions were kept the same as that produced in the absence of SDS. 
The crystal has the same symmetry compared to that formed in the absence of SDS. 
But there are thin layers (Figure 5.4b) of TiO2 on some areas of the sample surface 
and the air spheres in the top layer have relatively small or no openings (Figure 5.4b). 
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We may conclude that the addition of SDS might lead to tight coating of TiO2 on the 
PS microspheres in the infiltration process and thus results in the relatively small or 
no openings in the air spheres. 
 
 
Figure 5.5. Micro-FTIR transmission (a) and reflectance (b) spectra of a TiO2 inverse 
opal. The template of the inverse opal was assembled form PS particles with a 
diameter of 0.99µm. 
 
Figure 5.5 illustrates the transmission and reflectance spectra measured at normal 
incidence to the substrate using micro-FTIR. From the images, we can see that there is 
broad peak at 2.94µm ( 34001 =λ cm
-1), which is corresponding to the stop bandgap. 
According to Bragg equation: 9 
2/122
min )sin(2 θλ −= ndm hkl                     (5.1) 
where m is the order of diffraction; minλ  is the wavelength of the diffraction peak; 
hkld  is the spacing between (hkl) planes and Ddhkl 3/2= , where D  is the diameter 
of the particles; θ  is the angle between the incident light and the normal to the 
diffraction planes (at normal incidence, θ =0); and n is the mean refractive index of 
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where an  is the refractive index of air spheres; f is the volume fraction occupied by 
the air spheres; and 
2TiO
n  represents the refractive index of titania. Through 
calculation, the mean refractive index of the inverse opal should be 1.47. The 
diffraction peak should be at 2.38µm corresponded to a lattice spacing of 0.812µm 
between the (111) planes perpendicular to the incident light. This is in reasonable 
agreement with the experimental value of 2.94µm. The difference between the 
experimental value and the theoretical value may be due to the defects, cracks and the 
difference between the refractive index of nanostructure titania and that of bulk titania. 




In summary, well-ordered TiO2 photonic crystals were fabricated by using colloidal 
crystal templating method. The crystals have the structure of an fcc lattice with (111) 
plane parallel to the surface of supporting substrates. The single-domain area of the 
crystals is quite large so that their stop bandgap can be proved experimentally. The 
existence of stop bandgaps confirmed the high quality of the crystals. The addition of 
SDS in the infiltration material might lead to tight coating of TiO2 on the PS 
microspheres in the infiltration process, but its effect on the reflectance and 
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Chapter 6 Conclusion 
 
Photonic crystals and photonic bandgap materials have been the subjects of great 
interests, both theoretically and experimentally.1 Their periodic dielectric structures 
are designed to control the propagation of electromagnetic (EM) waves by defining 
allowed and forbidden energy gaps in the photon-dispersion spectrum. The absence of 
EM modes inside the structures gives rise to distinct optical phenomena such as the 
inhibition of spontaneous emission 2 and the strong localization of light 3. Photonic 
crystals have been proposed for a large number of applications such as efficient 
microwave antennas, zero-threshold lasers, low-loss resonators, optical switches, and 
miniature optoelectronic components such as microlasers and waveguides. The most 
useful applications would occur at near-infrared or visible wavelengths.4-9 
 
One of the promising techniques of fabricating three–dimensional photonic crystals 
with a photonic bandgap is the templating of self-assembled colloidal crystals.10, 11 
Though colloidal crystals show pseudo-photonic bandgaps, they have been widely 
studied due to the ease of growing a 3D periodic structure. Also they offer a simple 
and easily prepared model system to experimentally probe the photonic band 
diagrams of certain type of three-dimensional periodic structure. Macroporous 
ordered structures with a wider photonic bandgap can be fabricated by filling the 
voids in the colloidal crystal templates with materials possessing high refractive index, 
followed by the removal of the original colloidal crystal materials.12, 13 
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Although the photonic crystals fabricated from the colloids are studied intensively 
recently, some bottlenecks exist, for example, defects, disorders and cracks formed 
invariably in the crystals. Investigations related to the array fashion of the particles 
and studies on the control of the photonic crystal properties of colloidal crystals are 
very limited. To obtain high-quality photonic crystals with fewer defects, disorders 
and cracks, which can meet the requirement for producing the photonic device, we 
fabricated colloidal crystals by optimizing fabrication conditions. The effects of 
surfactants on the array fashion of the particles and the effects of pre-heating 
treatment on the photonic bandgap properties of silica colloidal crystals were also 
investigated. Furthermore, surfactant-assisted TiO2 photonic crystals were fabricated, 
and their structures and optical properties were studied by SEM and Micro-FTIR, 
respectively. The main results are described as follows. 
 
Colloidal crystals were assembled from polystyrene and silica colloidal particles using 
modified sedimentation and vertical deposition methods. The crystals have the 
structure of fcc lattice. The defects, disorders and cracks in the crystals were greatly 
reduced by optimizing the crystallization temperature and the concentration of the 
colloidal particles. Reflectance and transmission spectra measured at the normal 
incidence to the sample surface with UV-Vis spectrometer demonstrate that stop 
bandgaps exist in the colloidal crystals. 
 
The effects of surfactants on the structures of colloidal crystals were investigated by 
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fabricating colloidal crystals in the presence of different surfactants with different 
concentrations by sedimentation. The addition of surfactants affects the array fashion 
and is favorable to form a square array due to the change of interaction between the 
particles. 
 
The effects of pre-heating treatment on the photonic bandgap properties of silica 
colloidal crystals were also explored by pre-heating the silica colloids at temperatures 
in the range of 250-6500C prior to assembly of colloidal crystals. Compared to the 
mid-gap position of the crystal from original silica spheres, that of crystals from 
heat-treated silica spheres first blue shifted and then red shifted with increasing the 
pre-heating temperature. The shift in the mid-gap position resulted from the change of 
the silica particle size and refractive index. 
 
Well-ordered TiO2 photonic crystals were fabricated using polystyrene colloidal 
crystal templating. The inverse opals had the same structure as the colloidal crystals. 
The TiO2 photonic crystals are polycrystalline and the typical size of a single crystal 
is about 100µm. Micro-FTIR transmission spectra confirmed the existence of stop 
bandgaps in the crystals. In addition, SEM results show that the addition of SDS 
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